A photonic band-pass filter enclosing the filament recycles infrared emissions, reducing temperature and producing an eight-fold increase in energy efficiency.
Since the time of Thomas Edison, incandescent light bulbs have been the dominant light source for illumination. Today, incandescent bulbs still hold crucial advantages. They produce a warm white light and can be dimmed easily using inexpensive controls. They have a relatively inexpensive first-cost per lumen, a long-established infrastructure, and do not contain hazardous materials such as mercury. However, because of their relatively low energy efficiency, incandescent bulbs are being replaced rapidly in many areas. It is time to re-visit the fundamental limit of the incandescent bulb and to improve its efficiency.
Incandescent bulbs emit light in a manner closely resembling Plank's law of blackbody radiation. The law describes how a body capable of absorbing all radiation contacting it (a blackbody) will emit at a given range of wavelengths dependant on its temperature. The inefficiency inherent in an incandescent bulb is due to the fact that it emits both infrared and visible light at temperatures between 2000 and 3000K. Specifically, the infrared portion of the radiation consumes about 88% of the input electric energy and becomes wasted heat (see Fig.1 ). Hence, recycling infrared light into useful visible light would improve incandescent efficiency.
Recycling processes have previously been developed in the form of reflecting envelopes using either a dielectric metal film stack 1, 2 or a dielectric multi-layered film. 3 However, for both structures the reflectance in the near-infrared region is not high enough to bounce back all the infrared light. To overcome these limitations, we employed a two-dimensional metallic photonic band gap (PBG) filter architecture to enclose the incandescent filament. The filter acts as a perfect transmitter for the useful visible light and a perfect reflector for the undesirable infrared light. The reflected light is re-absorbed which, in turn, helps to heat up the filament. This infrared recycling process has two major energy consequences. First, it reduces the amount of electricity required to maintain a hot filament and thus improves electricto-optical conversion efficiency. Second, it reduces the thermal radiation of the bulb as infrared photons cannot escape. With this approach, the energy efficacy of an incandescent light bulb can be improved by as much as eight times. Accordingly, the cost of a million-lumen-hour is reduced to $1.00-$2.00.
We used silver as the metallic material because it has a low intrinsic absorption in the visible and near infrared wavelengths. The low absorption of silver is key to simultaneously achieving a high transmittance in the visible and a high reflectance in the infrared regions. A metallic PBG filter is also more practical to use as it is robust against thermal stress at high temperatures.
To illustrate the validity of our approach, we have employed an ideal system that has a spherical blackbody filament enclosed by the filter: see Figure 2 (a). The maximum luminous efficacy reaches 125lm/W. The details of the calculation were reported recently. 4 For general purpose illumination, not only the efficiency but also the color quality is important in evaluating a bulb. The color quality of a bulb is commonly characterized by the correlated color temperature (CCT), used to categorize color tone, and the color rendering index (CRI), which measures the ability of a bulb to reproduce the true color of objects. If the CCT is lower than 3300K the color is categorized as a warm tone, whereas if the CCT is higher than 5300K the color is categorized as a cool tone. The CCT of our incandescent bulb did not exceed 3500K, indicating the filtered light is in the desired warm range. The CRI has a range between 0 and 100, with 0 being the minimum and 100 being the maximum color rendering capability. The color rendering index of our new light bulb is calculated to be between 68 and 90, better than that of a standard fluorescent lamp with a CRI of approximately 60.
Continued on next page
Photon recycling via a metallic PBG filter is a promising new route to creating a 'cool' light bulb. Our next step is to study a cylindrical filter geometry that is comparable to the commonly used tungsten-filament configuration.
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